Understanding photosynthesis and plant water management as a coupled process remains an open scientific problem. Current eco-hydrologic models characteristically describe plant photosynthetic and hydraulic processes through ad hoc empirical parameterizations with no explicit accounting for the main pathways over which carbon and water uptake interact. Here, a soil-plant-atmosphere continuum model is proposed that mechanistically couples photosynthesis and transpiration rates, including the main leaf physiological controls exerted by stomata. The proposed approach links the soil-to-leaf hydraulic transport to stomatal regulation, and closes the coupled photosynthesis-transpiration problem by maximizing leaf carbon gain subject to a water loss constraint. The approach is evaluated against field data from a grass site and is shown to reproduce the main features of soil moisture dynamics and hydraulic redistribution. In particular, it is shown that the differential soil drying produced by diurnal root water uptake drives a significant upward redistribution of moisture both through a conventional Darcian flow and through the root system, consistent with observations. In a numerical soil drying experiment, it is demonstrated that more than 50% of diurnal transpiration is supplied by nocturnal upward water redistribution, and some 12% is provided directly through root hydraulic redistribution. For a prescribed leaf area density, the model is then used to diagnose how elevated atmospheric CO 2 concentration and increased air temperature jointly impact soil moisture, transpiration, photosynthesis, and whole-plant water use efficiency, along with compensatory mechanisms such as hydraulic lift using several canonical forms of root-density distribution.
Introduction
Understanding plant water use strategies and translating such understanding into physically-based and predictive models of root water uptake is a central problem in eco-hydrology and related bio-geosciences. Plant water management to a large extent determines how vegetation interacts with its environment [22, 39, 61, 67, 68] , how plants compete for below-ground resources [47, 46, 59, 58, 63] , and how colonization, succession, and zonation at large scales take place [64] . Root water uptake is commonly accounted for in eco-hydrologic and climate models as a bulk sink term in the continuity equation describing soil moisture dynamics [26, 39, 65, 72] . This sink term is commonly expressed as the product of the difference in water potential between the soil and the rootsoil interface, a hydraulic conductivity from the soil to the root interface, and an empirical root distribution function. The root water potential is then linked to leaf-potential via a root-xylem hydraulic conductivity function, thereby defining a soil-plant continuum in terms of water potentials. Results obtained from this macroscopic treatment of soil-plant hydraulics highlights the role of the soil-root interface conductivity, the importance of reversed flow (i.e., water movement out of the roots into the soil), the magnitude of nocturnal root water uptake, and, perhaps even more challenging, the interaction between stomatal controls, photosynthetic rates, and the rootzone soil moisture. The importance of these issues is further increased as changes in species (and crop) abundance, especially those that influence and are influenced by water dynamics, are now central in the debate on future water and food security, ecosystem service valuation, and climate change [13, 50] .
However, there are limitations to existing approaches to modelling the soil-plant-atmosphere system. For example, shifts in rainfall statistics, whose effects on root-zone soil moisture dynamics and evapotranspiration have been the focus of much recent ecohydrologic literature [47, 46, 58] , are also accompanied by elevated atmospheric CO 2 concentration and air temperature. The effects of these two variables on canopy-level evapotranspiration, drainage from the root-zone, and soil moisture redistribution, have not received comparable attention and require modelling the interplay between photosynthetic and hydraulic processes. The water redistribution operated by plants directly (hydraulic lift by roots [9, 22, 26, 24, 61, 65] ) or indirectly (through darcian flow induced by differential drying due to diurnal root water uptake), is particularly important. It has been shown to enhance transpiration in dry climates, where carbon uptake, and the associated plant transpiration, is often limited by water stress [9, 20, 26, 53] . In spite of its potential importance, this water redistribution mechanism is not yet fully understood and the 'macroscopic' root water uptake models commonly used do not account for hydraulic lift, with a few recent exceptions [15, 21, 30, 53, 65] as reviewed elsewhere [55] .
With the aim of resolving simultaneous effects of elevated atmospheric CO 2 concentration and air temperature on canopy-level evapotranspiration, photosynthesis, drainage, and soil moisture redistribution by roots, a multi-layer soil-plant-atmosphere model is proposed. The model is comprised of (i) a root network approach based on a water potential formulation, which provides a mechanistic representation of the physical processes controlling root-soil water exchanges, (ii) a root to shoot hydraulic model, and (iii) a leaf photosynthetic process model coupled to stomatal aperture dynamics. The main focus and novelty of the present contribution is in the development of a model of the soil-plant-atmosphere continuum that includes a mechanistic representation of root water uptake and uses an optimization approach to simultaneously account for hydraulic and photosynthetic processes. The optimization approach allows the use of a limited number of physically meaningful parameters and the resulting continuum model realistically reproduces soil moisture and eddy-covariance measurements collected in a grass field within the Duke Forest (near Durham, North Carolina, USA) for a stratified soil [45, 57] . Using data from the Duke Forest grass site as a case study, two inter-related questions are then explored via model calculations: (i) how does the root biomass distribution affect water and carbon fluxes given the same leaf physiological properties and leaf area, and (ii) how does elevated atmospheric CO 2 and air temperature affect canopy level photosynthesis, transpiration (and water use efficiency), soil moisture, and hydraulic redistribution?
Methods

A model for root water uptake based on a water potential formulation
After the pioneering work of van den Honert [69] , Bonner [6] , and Gardner [28] , root water uptake models have evolved and may be broadly categorized as 'microscopic' or 'macroscopic' [21, 27, 37, 39, 54] . Microscopic (single-root) approaches represent in detail the radial flow of water towards and into an individual root [29] , including the flow through the root membrane. The necessary information to implement such an approach is often difficult to obtain, especially in the context of large scale ecohydrologic problems and, hence, will not be treated here. The macroscopic approach seeks to represent the collective effect of the root system rather than attempting to describe each single rootlet, by introducing an effective sink term Q ðz; tÞ originating from planar-averaging the mean continuity equation when combined with Darcy's law [19] , given as [39, 45, 65] @hðz; tÞ @t
where h is the planar-averaged soil moisture at depth z from the soil surface, t is time, KðhÞ is the soil hydraulic conductivity, w ¼ Àz þ p=c w is the total water potential when ignoring osmotic contributions, Àp=c w is the suction, and c w is the specific weight of water. The focus here is on a one-dimensional representation of soil water flow, though similar approaches can be expanded to two-and three dimensions as discussed elsewhere [21, 39, 65, 72] . The total plant transpiration E is computed as [45] :
where L is the rooting depth that may vary in time, but can be assumed constant over short durations (e.g., a few days). Eq. (2) assumes that the change in water storage within the plant tissue is negligible such that the water flux uptaken by roots is identical to the transpiration rate at all times [7] . This assumption is likely to hold for short canopies (as is the case here), but not necessarily for tall forested ecosystems [5, 11] . Macroscopic models are characterized by how Q ðz; tÞ is related to the system state (often hðz; tÞ or just by its vertical average). To define Q ðz; tÞ, the root system is here described as a network-like structure in which each layer is directly linked to the xylem (cooperative strategy amongst the rootlets) as shown in Fig. 1 . To facilitate the mathematical development, the following quantities are introduced:
-w a = water potential in the atmosphere (cm); -w L = water potential in the leaves (cm); -w R = water potential at the base of the xylem (cm); -w i = water potential in the soil at layer i (cm); -g s = stomatal conductance (s
À1
); -g x = conductance of the xylem (s À1 ); -g i = conductance of the soil-root system from layer i to the base of the xylem (s À1 ).
The overall conductance g i from the soil in layer i to the xylem reflects flow across two pathways in series: (i) the conductance associated with radial movement of water within the soil to the soil-root interface, k s;i , and (ii) the conductance characterizing water flow across the soil-root interface and within the root system up to the base of the xylem, k r;i . Hence, the soil-to-xylem conductance for an arbitrary layer i (with z i 6 L) is computed as proposed in the literature [1, 7, 8, 16, 29, 32, 56, 65] ) for tropical grasslands and savannas [41] . It should be emphasized that the grassland at Duke Forest is a forest clearing that is mowed for silage annually using local practices, resulting in a much lower RAI when compared to the global data set. With the typical values
The conductance of the soil-root interface is also proportional to the soil-root interface area. Hence, for simplicity, it is assumed to be proportional to B i at layer i of thickness Dz given as:
where a b ¼ 3 Á 10 8 s matches typical root to soil conductances reported in the literature [40, 53] . The transpiration rate may be expressed as,
while root water uptake from soil layer i is:
When root water uptake is equal to the transpiration rate (i.e., changes in water storage within the plant are negligible) [69] , E can also be evaluated as the sum of the contributions from all soil layers:
By rearranging Eq. (5), w R can now be defined as:
Substitution into Eq. (7) yields [29] :
This formulation is somewhat similar to a recent independently proposed three-dimensional network model of the rooting system [15] . The similarity stems from the fact that the main pathways of water flow from the soil to the rooting system are resolved in both models; however, the stomatal regulations and their controls on root water uptake differ as discussed later.
The xylem-leaf formulation
The xylem conductance, g x , depends on plant characteristics and on the water potential within the plant. In fact, plant conductance decreases as the water potential in the leaf decreases because of cavitation [66] . To describe this dependence, a 'vulnerability curve', described elsewhere [18] is adopted and given as:
where g x;max ¼ 11:
MPa and c ¼ 2 is used here. The mathematical closure of this problem is obtained by equating (9) to the transpiration rate determined from evaporative losses when the stomates are open to uptake atmospheric carbon dioxide during photosynthesis. This water vapor loss to the atmosphere is given as
where the difference ðe Ã ðT a Þ À e a Þ is the vapor pressure deficit (VPD) assuming the leaves are well coupled to the atmosphere so that e Ã ðT s Þ ¼ e Ã ðT a Þ, T s is the leaf skin temperature, e Ã ðT a Þ is the saturation vapor pressure at the current atmospheric air temperature (=T a ) given by the Clausius-Clapeyron equation, e a is the atmospheric vapor pressure computed as e a ¼ e Ã ðTÞ Á RH=100, and RH is the air relative humidity (in percent), assumed to be well-mixed within the canopy volume. The use of Eq. (11) requires a description of how the stomatal conductance is regulated. This description is often obtained through empirical models [18, 65] , while we adopt here an approach that uses the economics of leaf-gas exchange principles and optimization theories reviewed elsewhere [2] [3] [4] 17, 31, [34] [35] [36] 42, 44, 51, 52] . Such an approach derives the stomatal conductance by assuming that stomates are operating so as to maximize the net carbon gain (=A n ) at a given water loss (¼ f e ) from leaves, leading to the following expression for a linearized biochemical demand function [42] :
where a 1 and a 2 are photosynthetic parameters, s ¼ 0:7 is a constant representing long-term intercellular to ambient CO 2 concentration ratio and can be derived from stable isotopic measurements [49] , c a is the CO 2 concentration in the atmosphere, a ¼ 1:6 is the ratio of water vapor diffusivity to that of carbon dioxide, and k ¼ ð@A n =@g s Þ=ð@f e =@g s Þ is a parameter representing the cost of water lost from leaves and is often referred to as the marginal water use efficiency (equivalent to a Lagrange multiplier of the optimization problem). The photosynthetic parameters a 1 and a 2 are selected depending on whether light or Rubisco-limits A n . When Rubisco is limiting A n ; is the leaf absorptivity of photosynthetically active radiation, e m is the maximum quantum efficiency of the leaves, c is the apparent quantum yield determined from empirical light-response curves, c p is the CO 2 compensation point, and Q p is the flux of the incoming photosynthetically active radiation. Parameters are taken from gas exchange measurements collected for the grass site [57] and adjusted for temperature as described elsewhere [10] . The cost of the water needed to complete the photosynthesis model, k, must account for the effects of water deficit (i.e., k increases with reduced water availability), as well as, potentially, for other stresses such as increased salinity [42, 70] . As a consequence, k, expressed in carbon units, is taken to depend on the history of the leaf water potential
where k Ã max is the maximum k at a reference c a ¼ c w L;max ¼ À1:32 MPa, values that are typical for forbs and grasses in a wet climate [52] as is the case here. The derivation also assumes that k varies on time scales longer than diurnal as proposed by the original work of Cowan and Farquhar [17] and as necessary by the optimization solution (i.e., k must vary on time scales much slower than those over describing stomatal aperture fluctuations). Hence, for the purposes of determining k from hw L i, the leaf water potential used in this expression is computed as an average over the previous 24 h period [17] and indicated with hÁi.
A multi-layer model was also used to describe within-canopy light attenuation for photosynthesis calculations as described elsewhere [10, 48] . Briefly, when determining the canopy level photosynthesis and transpiration, a multi-layer horizontal slab model comprised of 60 layers was used (tests with more than 60 layers did not give significantly different results). Within canopy light vertical distribution needed in the calculations of A n ; g s , and c i was computed using standard light transmission models. The attenuation of the direct beam was modeled using an extinction coefficient accounting for leaf area density, leaf angle distribution appropriate for erect grass blades and solar zenith angle [57] . Once the light regime is determined at each canopy layer, and assuming air temperature and CO 2 concentration are vertically uniform within canopyset to their above canopy measured values (a reasonable assumption during daytime conditions), the A n , g s , and c i calculations proceed using Eqs. (14), (15) , and (12) at each layer using a single k value computed from the effective leaf pressure. The depth integrated canopy photosynthesis and transpiration are then determined to compute the instantaneous leaf pressure. Again, because k changes over time scales (e.g., daily) much longer than changes in leaf pressure (e.g., hourly), this spatial aggregation is justified.
The photosynthetic rate at each canopy layer j is computed per unit leaf area as follows [25] :
where c i is the internal CO 2 concentration, determined as a function of the current stomatal conductance and the photosynthetic rate from the Fickian expression:
where c a is the CO 2 concentration in the atmosphere (assumed at 380 ppm and well-mixed within the canopy). The total photosynthetic rate, A, is then evaluated as a sum over all canopy layers. All the photosynthetic parameters, expressed per unit leaf area, are finally expressed per unit of ground area by multiplying by LAI. This aggregated photosynthesis, conductance, and transpiration now formally represent as a single or effective 'big-leaf' over which w L , hw L i and k are calculated. Eqs. (9) and (11) are used to numerically compute w L and, thus, E (using either equation). This allows plant transpiration to depend not only on instantaneous soil water availability, but also on the atmospheric evaporative demand dictated by the photonsynthetic rate (i.e., carbon demands of the plant) and the time history of soil moisture through k. Furthermore, transpiration depends on water stress experienced by the plant at all root levels, rather than through the artificial introduction of local (i.e., dependent on the local water saturation) and global (i.e., dependent on the overall water stress experienced by the plant integrated throughout the root layers) constraints, which are necessary non-mechanistic representations of root water uptake [37, 45] . The coupled evaluation of the transpiration rate, E, and of the carbon assimilation rate, A, in turn, allows the evaluation of the whole plant Water Use Efficiency, WUE ¼ A=E, or the ratio of the whole plant photosynthetic rate to the plant transpiration rate. This efficiency is a useful measure to demonstrate how alternative BðzÞ distributions induce different utilizations of available soil moisture within L for the same above-ground photosynthetic system. The model for root water uptake is combined with a numerical solution for the 1-D Richards' equation (Eq. (1)), in which a zero flux is imposed at the soil surface (no exfiltration), while gravitational drainage (or unit gradient) is imposed at the bottom of the flow domain (at a depth much larger than L).
Results and discussion
Model evaluation against field data
The model was first evaluated against soil moisture and eddycovariance measurements collected in a grass field at the Blackwood Division of the Duke Forest, near Durham, North Carolina (35.971°N, 79.09°W, elevation 163 m) . The long-term recorded annual air temperature and precipitation are 15.5°C and 1145 mm, respectively. The field is approximately 480 m by 305 m, and is predominantly covered by the C3 grass Festuca arundinaria Shreb. (average plant height = 0.60 m). The grass field is surrounded by an unmanaged loblolly pine (Pinus taeda L.) plantation. Limited areas covered by other C3 grasses as well as the C4 Schizachyrium scoparium (Michx.) are present but are not considered here. The site was burned in 1979 and is mowed annually during the summer for hay, according to local practices [45] . Measured air temperature, relative humidity, photosynthetically active radiation, and the resulting vapor pressure deficit for the study period (3-17 July 1997), used to forced our model, are shown in Fig. 2 . This is the same period analyzed in a previous study aimed at exploring how soil-plant hydraulics impact the relationship between actual and potential evapotranspiration [45] . An Applied Technology triaxial sonic anemometer and a Campbell Scientific krypton hygrometer were used to measure latent and sensible heat fluxes. The soil moisture content profile was measured by an array of CS615 water content reflectometers (Campbell Scientific, Logan, UT) close to the eddy-covariance meteorological tower. Eight sets of 0.3 m length rods were installed horizontally every 0.05 m depth increment starting from 0.05 m to 0.45 m below the ground surface. The soil texture is non-uniform with depth resulting in stratified hydraulic properties given in Table 1 . No rainfall occurred during the selected period.
The model reproduced the canonical shape of the measured hðz; tÞ (Fig. 3(a) ) and the eddy-covariance measured evapotranspi- ration ( Fig. 2(e) ). It should be emphasized that the model only computes transpiration and does not add soil evaporation so that modelled values are expected to be systematically smaller than the eddy-covariance measured evapotranspiration. The difference between observed evapotranspiration and potential evapotranspiration ( Fig. 2(e) ) as determined from a Priestly-Taylor formulation [60] also shows that the soil-plant system can be limited by soilplant hydraulics rather than by available energy.
Transpiration, carbon assimilation, and WUE under different climatic forcings
Given that the model captures the main space-time features of soil moisture and ecosystem transpiration, the study objectives are now addressed by exploring how the shape of BðzÞ impacts plant water and carbon dioxide use. Because the focus is on carbon and water uptake for different BðzÞ distributions, the effects from other factors are reduced by setting the soil system to be a uniform clay with a soil retention curve [12] : wðhÞ ¼ w s h hs
Àb
and
0077 cm/min, and w s ¼ 40:5 (cm)). The initial soil moisture profile is assumed to be uniformly set at 90% of h s . The T a , RH and PAR time series used to force the model are shown in Fig. 4 and are obtained by ensemble-averaging their values measured from the Duke Forest experiment. The forcing is obtained by cycling through the time series in Fig. 4 for a total simulation time period of 10 days. This 10-day duration is selected as a compromise between the need to experience a broad set of hydrologic and atmospheric conditions so as to switch from any energy limitations to water limitations and the need to satisfy the stationarity assumption in BðzÞ and LAI. Moreover, the 10-day duration exceeds the mean inter-arrival storm duration during the summer period, and hence, reflects typical dry-down conditions.
Root density distributions
Three of the commonly adopted root biomass profiles are considered: a constant, a linear, and a nonlinear BðzÞ [8, 14, 33, 41, 47] . The linear root density distribution is defined as [38, 45] :
The nonlinear distribution is defined as [41] :
where c ¼ À1 and a ¼ 0:85 are assumed. The root depth is set to L ¼ 0:50 m in all three cases. 
Simulation results
Fig . 5 shows the vertically resolved soil moisture variation in time for the three root density distributions. As expected, water uptake depends on the amount of roots in each soil layer. In particular, the BðzÞ distributions with a larger share of biomass in the superficial layers (the nonlinear profile and, to a lesser extend, the linear profile, Fig. 5(b) , and (c)) result in lower water contents at the surface. Interestingly, the relatively large gradients in water content (and in the associated field of water potential) generate a significant upward redistribution of water, i.e., water uplift (e.g., [22] ), which, in turn, acts against drainage from the root zone. The no-root case (Fig. 5(c) ) displays a monotonic drying of all soil layers, emphasizing by comparison the role of roots in generating the water potential gradients driving upward water redistribution.
In fact, the analysis of the distributions of water fluxes confirms the effects induced by the different BðzÞ profiles explored. The BðzÞ profiles allocating a significant proportion of biomass near the surface induce a more marked upward redistribution of water (Fig. 6) , both through the roots and through the soil (Fig. 7) . Darcian flow accounts for the majority (87%) of the upward water redistribution to the root layer in this experiment. However, if only nightime is considered, root HL accounts for almost 20 % of the total upward redistribution. Furthermore, it is important to emphasize that both darcian and root redistribution are driven by root water uptake: no upward water flow would be possible without the differential drying associated with root water uptake, as exemplified by the no-root case (Fig. 5(c) ). The overall effect of this water redistribution is an attenuation of water stress near the surface and an enhanced retention of water in the lower layers, with potentially beneficial consequences for plant carbon uptake and water use efficiency (e.g., [23, 65] ). In fact, in this numerical experiment, about 53 % of the volume of water transpired by the plants is transported to the root zone by nighttime upward water redistribution, Fig. 9 . Relative changes, under the +CO 2 and +T scenarios, and for the three root biomass distributions explored, in the dependence on the vertically-averaged soil water content of: plant transpiration (a-c), photosynthetic rate (d-f), water use efficiency (g-i), and hydraulic lift magnitude (j-l).
12 % being provided by root HR. The magnitudes of these fluxes are consistent with field observations in similar settings [23, 55] . A minor decrease in carbon assimilation is seen as the soil dries ( Fig. 8(b) ). However, the photosynthetic rate decrease is small when compared to the increase in water loss (Fig. 8(d) ) and the decrease in leaf pressure ( Fig. 8(a) ) and stomatal conductance (Fig. 8(e) ), such that the net result is an increase in water use efficiency (Fig. 8(f) ).
In essence, the comparison among the different root distributions emphasizes the impact of root biomass allocation on plant water management. The nonlinear BðzÞ, which allocates the greatest part of the root biomass in near-surface layers, produces more intense drying in these near-surface layers, a larger reduction in transpiration, a greater water cost, but only a modestly reduced carbon assimilation rate with respect to the other BðzÞ distributions. This mechanism causes a reduced ratio of intercellular to ambient CO2 concentration (Fig. 8(e) ), which maintains a photosynthetic rate similar to that obtained for the other two root density profiles. As a result, the nonlinear BðzÞ appears to be more efficient in conserving water (smaller transpiration and higher mean water saturation within the soil column), while at the same time not substantially penalizing leaf carbon assimilation. On the other hand, the uniform BðzÞ appears to maximize 'hydraulic safety', by making the plant less prone to cavitation because of the reduced maximum jW L j the plant experiences at the expense of reducing water use efficiency.
Climate change scenarios results
The proposed model is now used to explore how transpiration and photosynthetic rates vary under different climate scenarios for the three BðzÞ shapes. The reference scenario (''REF'') will be compared to an elevated CO 2 scenario (''+CO 2 '') and to an elevated temperature scenario (''+T''). For the ''+CO 2 '' scenario, the ambient CO 2 concentration is increased by 200 ppm to c a ¼ 580 ppm (as often employed in Free Air CO 2 Enrichment or FACE experiments). For the ''+T'' scenario, the ambient temperature is increased by 4 C above ambient, while RH time series is maintained the same across the two scenarios [43] .
Transpiration ( Fig. 9(a)-(c) ) is an increasing function of the root-zone vertically averaged soil moisture in all scenarios and it increases with temperature, as expected. On the contrary, transpiration is reduced under an elevated CO 2 scenario, while photosynthesis ( Fig. 9(d)-(f) ) increases significantly. The increase in the photosynthetic rate and the simultaneous decrease in transpiration rate, leads to an increase in WUE (Fig. 9(g)-(i) ). The overall importance of the hydraulic lift mechanism is also evaluated by computing the time integral of all negative flux contributions (i.e., flow occurring from the roots into the soil). It is shown (Fig. 9(j)-(l) ) that an increased atmospheric CO 2 concentration produces a noticeable reduction in hydraulic lift for all root biomass distributions because of a reduction in root water uptake (Fig. 9(a)-(c) ) linked to stomatal controls. On the contrary, increased air temperature enhances hydraulic lift, particularly in the case of the nonlinear BðzÞ, because of the pronounced enhancement in transpiration. The transpiration increase with increasing air temperature is linked to both biotic and abiotic factors. The biotic mechanism is associated with increase in maximum carboxylation capacity with increasing air temperature (i.e., the parameter a 1 ) and the abiotic mechanism is associated with an increase in the saturation vapor pressure with increasing air temperature, thereby contributing to an increase in the driving force (i.e., VPD) of leaf transpiration (at constant RH).
Conclusions
The links between plant transpiration, photosynthesis, and root biomass were explored using a multi-layer soil-root-canopy model and three root density profiles spanning a range of canonical root biomass distributions. The constant root density profile resulted in maximum plant transpiration, while the nonlinear distribution of root density appeared to be most conservative in the use of available water. Unlike plant transpiration, plant photosynthesis appears relatively insensitive to the specific root biomass distribution assumed. As a result, the nonlinear root density profile produced the maximum water use efficiency. However, the uniform root biomass distribution is less prone to reduced leaf water potential and thus cavitation. Hence, the uniform and nonlinear root density profiles are here found to represent end members of a safety-efficiency trade-off. Upward moisture redistribution through the soil and the roots is initiated rapidly with the nonlinear root density profile, reaching a peak value that is some three times larger than in the case of the constant root density profile. Upward water redistribution significantly affects the amount of water available to the plant, particularly in the case of a highly asymmetric root biomass distribution, which produces a high water saturation gradient between the surface and the deeper root layers. In a numerical experiment for the nonlinear root profile, more than 50% of the diurnal transpiration was provided by nocturnal upward water redistribution, of which 12% is due to root hydraulic lift. Both the absolute values and the relative contributions of the computed upward redistribution fluxes are commensurate with independent observations obtained for a range of vegetation species [20, 22, 23, 55] . Perhaps equally important is that root hydraulic lift and the divergence of the Darcian flux act in concert thereby providing a coordinated recharge of the surficial layer experiencing reduced soil moisture.
Even though the result of purely 'vertical' processes, the increased water availability in the case of a strongly asymmetric root profile has implications to vegetation patterning on landscapes. The positive feedback responsible for pattern formation in biomass is conventionally assumed to arise from higher biomass leading to higher water availability through two possible mechanisms. The first involves an increase in the soil infiltration capacity due to increased biomass [62] , while the second postulates a non local phenomenon involving the acquisition of water by roots far away from the plant [71] . The model results here suggest a further mechanism that can account for a positive feedback between asymmetric root allocation and water availability through a coordinated hydraulic lift and Darcian flux divergence. This mechanism is most evident when comparing the time evolution of the soil moisture profiles for the no-root case and the nonlinearly distributed root biomass case.
The model is also used to diagnose how elevated atmospheric CO 2 and air temperature affect canopy level photosynthesis, transpiration, water use efficiency, soil moisture, and hydraulic redistribution for a present LAI and root biomass distribution. The results show that transpiration increases with increasing temperature and decreases with increasing CO 2 , as expected. The photosynthetic rate significantly increases under high CO 2 , while no noticeable difference is found fo the +T scenario. Importantly, the sensitivity of hydraulic lift on changes in the forcings significantly depends on the shape of the root profile. In particular, temperature effects on hydraulic lift are amplified by a steeply changing biomass distribution, with the potential of increasing the relevance of this compensation mechanism under future climatic conditions. It is envisaged that these model runs can serve as hypotheses that may be tested in future Free Air CO 2 Enrichment or warming experiments. The time scales considered here are on the order of 10 days, and it was assumed that over such time scales, the LAI and BðzÞ were held constant and not impacted by elevated atmospheric CO 2 and air temperature. Future effort can build on this framework to allow for shifts in carbon allocation patterns and changes in biomass pools in response to changes in photosynthesis predicted here. This revision can serve as a logical first step in improving future dynamic vegetation models.
